Nitrate uptake in Neurospora crassa has been investigated under various conditions of nitrogen nutrition by measuring the rate of disappearance of nitrate from the medium and by determining mycelial nitrate accumulation. The nitrate transport system is induced by either nitrate or nitrite, but is not present in mycelia grown on ammonia or Casamino Acids. The appearance of nitrate uptake activity is prevented by cycloheximide, puromycin, or 6-methyl purine. The induced nitrate transport system displays a Km for nitrate of 0.25 mM. Nitrate uptake is inhibited by metabolic poisons such as 2,4-dinitrophenol, cyanide, and antimycin A. Furthermore, mycelia can concentrate nitrate 50-fold. Ammonia and nitrite are non-competitive inhibitors with respect to nitrate, with Ki values of 0.13 and 0.17 mM, respectively. Ammonia does not repress the formation of the nitrate transport system. In contrast, the nitrate uptake system is repressed by Casamino Acids. All amino acids individually prevent nitrate accumulation, with the exception of methionine, glutamine, and alanine. The influence of nitrate reduction and the nitrate reductase protein on nitrate transport was investigated in wild-type Neurospora lacking a functional nitrate reductase and in nitrate non-utilizing mutants, nit-i, nit-2, and nit-3.
nitrate reductase and in nitrate non-utilizing mutants, nit-i, nit-2, and nit-3.
These mycelia contain an inducible nitrate transport system which displays the same characteristics as those found in the wild-type mycelia having the functional nitrate reductase. These findings suggest that nitrate transport is not dependent upon nitrate reduction and that these two processes are separate events in the assimilation of nitrate.
The pathway of nitrate assimilation represents the reduction of nitrate to ammonia (20) . In Neurospora crassa, two cytoplasmic enzymes comprise the assimilatory nitrate pathway: nitrate reductase, which reduces nitrate to nitrite, and nitrite reductase, which catalyzes the reduction of nitrite to ammonia. The nitrate and nitrite reductases are adaptively formed in the presence of either nitrate or nitrite, but are repressed by ammonia or Casamino Acids (5, 21, 24) . Ammonia and amino acids, end products of nitrate reduction, do not inhibit the in vitro activity of the nitrate reductase (7) or the nitrite reductase (M. A. Lafferty, personal communication). However, it is not known whether the entry of nitrate into the mycelia is mediated by a specific transport system.
The results of investigations of nitrate utilization in other organisms suggest that there is an inducible transport system for nitrate. When nitrogen-starved wheat seedlings are exposed to nitrate, the rate of nitrate transport is initially ' Present address: Department of Microbiology, University of Virginia, Charlottesville, Va. 22901. low but gradually increases to a constant level (17) . Inhibitors of protein and ribonucleic acid (RNA) synthesis restricted the appearance of the nitrate uptake system in corn seedlings (12) . Heimer and Filner (10) demonstrated that nitrate accumulation in tobacco cells was energy dependent and was a saturable process. Furthermore, tobacco cells could concentrate nitrate 80-fold, indicating an active transport mechanism for nitrate uptake.
Ammonia, amino acids, and nitrite prevented nitrate uptake in plants (4, 10, 16, 18, 30) , algae (2, 28) , and fungi (9, 19) . However, no attempts were made to clearly demonstrate the mechanism by which these alternative nitrogen sources interfered with nitrate transport. Lyclama (16) suggested that ammonia prevents nitrate uptake indirectly by repression of the nitrate reductase which would ultimately lead to depressed nitrate uptake. However, when nitrate-grown Spirodela was supplied with both ammonia and nitrate, only ammonia was assimilated, although no sudden changes in the level of nitrate reductase activity were observed (3) , SCHLOEMER AND GARRETT indicating that ammonia may prevent nitrate uptake by some mechanism other than repression of the nitrate reductase. In Penicillium, nitrate transport activity is lost rapidly upon exposure to ammonia (9) . This rapid loss caused by ammonium ions is partially prevented by cycloheximide, suggesting that NH,+ induces a protein that inhibits nitrate uptake.
This study presents evidence for a specific transport system for nitrate in Neurospora crassa, which is regulated by other nitrogen compounds. The results with nitrate non-utilizing mutants, nit-1, nit-2, and nit-3, suggest that nitrate transport is not dependent upon a functional nitrate reductase. MATERIALS 25 C from a conidial innoculum in 800 ml of liquid medium contained in 2,800-ml flasks. After 36 h of growth on a reciprocating shaker, the mycelia were harvested, washed, and distributed among 200 ml of media containing various nitrogen sources for induction. The nitrogen sources were NH4Cl (40 mM), NaNO, (20 mM), NaNO2 (10 mM), Casamino Acid digest (5 g/liter), or NH4NO3 (20 mM).
Preparation of crude extracts. Mycelia were collected, washed several times with distilled water, pressed dry, weighed to determine the fresh weight, and homogenized as described previously (5) .
Production of molybdenum deficiency. Mycelia were grown, as described above, in Fries medium lacking molybdenum. Where indicated, sodium tungstate or sodium vanadate (meta form) was added to the molybdate-free media (25 (14) .
Nitrite and nitrate determinations. Nitrite concentration was determined colorimetrically by the modified diazo-coupling procedure described by Garrett and Nason (7) . (8) . The presence of amino acids was detected by the ninhydrin method (23 
RESULTS
Induction of the nitrate transport system. The effects of various nitrogen sources in the growth medium on the induction of the nitrate transport system are shown in Fig. 1 . The activity of the nitrate transport system is detectable in nitrate-grown mycelia after a lag period of 30 min, reaches the maximal level in about 6 h, and remains constant. Similar kinetics of induction is observed with nitrite as the nitrogen source. The decline in the activity of the nitrate transport system at h 12 in nitrite-grown mycelia is attributed to the depletion of nitrite from the growth medium, since the addition of more nitrite to the growth medium at this time prevents this decline (not shown in the figure). Concentrations of nitrite higher than 10 mM cannot be employed because of toxicity. Mycelia grown on either ammonium chloride or Casamino Acids contained negligible amounts of nitrate transport activity. The nitrate uptake system does not appear to be derepressible since little activity is found in mycelia presented with nitrogen-free medium.
Half-life of the nitrate transport system. Cycloheximide was used to confirm the fact 100- that the nitrate transport system in Neurospora is maintained by a dynamic balance between synthesis and degradation. The activity of the nitrate transport system in nitrate-grown mycelia decreased exponentially after treatment with cycloheximide (5 gg/ml) (Fig. 2) . A halflife of approximately 3 h was derived from a semilogarithmic plot of the data obtained after cycloheximide treatment. Therefore, the observed plateau of maximal activity ( Fig. 1) indicates a steady state where synthesis and degradation are both occurring, and does not signify the cessation of the formation of the nitrate transport system.
Active transport of nitrate. The effect of various external nitrate concentrations on the rate of nitrate uptake by the induced nitrate transport system is shown in the form of a Lineweaver-Burk plot (Fig. 3) . The nitrate uptake system displays saturation kinetics, exhibiting a Vmax of 71 pmol per g per h and an apparent Km for nitrate of 0.25 mM.
Various metabolic inhibitors which interrupt active transport were studied to determine whether nitrate uptake is an energy-requiring process. Antimycin A, potassium cyanide, and 2, 4-dinitrophenol lower nitrate uptake, thereby Figure 4 shows that the nitrate uptake system is present in ammonium nitrate-grown mycelia, follows the same course of induction, and reaches the same rate of activity as in nitrate-grown mycelia. These results obviously indicate that ammonia does not repress the development of the nitrate transport system. The effect of ammonium ions on the activity of the induced nitrate transport system is shown in Fig. 5 . When ammonium ions at a concentration of 0.5 mM is present, the rate of nitrate uptake is inhibited by 75%. Ammonia exerts a non-competitive inhibition, displaying a Ki of 0.13 mM.
Effect of Casamino Acids on nitrate uptake. In addition to ammonia, Casamino Acids prevent nitrate utilization. When mycelia Effect of nitrite on nitrate transport. Nitrite, like nitrate, induces the nitrate uptake system (see Fig. 1 ). However, when ammoniumgrown mycelia were transferred to medium containing both nitrite and nitrate, the mycelia utilized only nitrite. The nature of the inhibition of the nitrate transport system by nitrite was investigated with mycelia fully induced for the nitrate uptake system (Fig. 7) For such experiments, mycelia were grown on nitrate medium lacking molybdenum. In some instances, either tungstate or vanadate was added to the medium. Mycelia grown in the absence of molybdenum accumulate more nitrate than molybdate-grown mycelia (Table 2) . When molybdenum-deficient mycelia were grown in nitrate medium supplemented with tungstate or vanadate, further increases in the level of intracellular nitrate were observed. The increased levels of internal nitrate found in mycelia treated with tungstate or vanadate are most likely attributable to the decreased levels of nitrate reductase activity.
At a concentration of 0.1 mM, vanadate is a better inhibitor of the development of the nitrate reductase activity than is tungstate ( Table  2 ). Higher concentrations of vanadate, such as 2 mM, do not result in a further decrease in the level of the nitrate reductase or in a further increase of internal nitrate, whereas 2 mM tungstate inhibits both nitrate accumulation and nitrate reductase activity. Since high levels of tungstate can inhibit nitrate accumulation (11), vanadate was the inhibitor routinely used to prevent the development of the nitrate reductase activity.
Inhibition of nitrate accumulation by nitrogen compounds. Several parameters of the nitrate transport system were re-examined by using mycelia containing the nonfunctional nitrate reductase. Figure 8 shows Individual amino acids were tested on their ability to prevent nitrate accumulation (Table  3 ). Any amino acid tested, at a final concentration of 1 mM, prevented nitrate transport with the exception of methionine, glutamine, and alanine. The remaining amino acids can be divided into four groups based on the extent of their inhibition of nitrate uptake. Tryptophan, arginine, valine, and threonine (group I) cause a severe inhibition of nitrate uptake ranging from 86 to 93%, whereas mycelia grown in the presence of histidine, glutamic acid, or cysteine (group II) accumulate 61 to 66% less nitrate than the untreated control. Amino acids in group III (phenylalanine, lysine, leucine, serine, and proline) are less severe in their effect on the nitrate uptake system, whereas tryosine, isoleucine, and asparagine (group IV) are only slightly inhibitory to nitrate uptake (15 to 20%).
Since the Km values for nitrate in the nitrate transport system and in the NADPH-nitrate reductase (7) GMycelia grown in Fries NH4C1 medium without molybdate were transferred to molybdenum-deficient media containing 20 mM sodium nitrate and 0.1 mM sodium vanadate plus the indicated amino acids at a final concentration of 1 mM. After 2 h of incubation, mycelia were harvested, weighed, and used in the preparation of crude extracts. Nitrate content of mycelia was determined.
tion. To prevent any inhibition of nitrate uptake by accumulated internal nitrate, mycelia were induced for the nitrate transport system by growth on nitrite. Figure 9 shows that the nitrate transport system is a saturable process, exhibiting the same rate of nitrate accumulation as rate of nitrate uptake. Nitrate reductase mutants. Mutant strains deficient in the assimilatory nitrate reductase were also examined for the presence of the nitrate transport system. Three mutants were employed. The first, nit-i, contains the inducible NADPH-cytochrome c reductase (diaphorase) activity of the nitrate reductase complex, but lacks the nitrate-specific portion of the electron transfer chain (determined by the absence of the FADH2-and reduced methyl viologen-nitrate nitrate reductase activities) (22) . The second mutant, nit-3, lacks the diaphorase portion of the electron transfer sequence (NADPH-cytochrome c reductase) but retains the inducible FADH2-and reduced methyl viologen-nitrate reductase activities (22) . nit-2 lacks all enzymatic activities commonly associated with the NADPH-nitrate reductase (22) . It was of interest to see whether the nitrate transport system in these mutants is regulated in the same manner as in the wild type. Other experiments, not reported here, indicate that the nitrate transport systems in nit-i, nit-2, and nit-3 are similar to the nitrate transport system found in wild type with regard to its inducibility by nitrite, its repression by Casamino Acids (but not by ammonia), and its sensitivity to metabolic poisons.
DISCUSSION
The data presented here indicate that entry of nitrate into N. crassa is mediated by an active transport mechanism. This nitrate transport system is specifically induced only in the presence of nitrate or nitrite (Fig. 1) . No nitrate uptake activity is found in mycelia grown in media lacking a nitrogen source, indicating that other inorganic anions in the growth media, i.e., sulfate, chloride, phosphate, and borate, do not affect this system. Furthermore, the activity of the nitrate transport system declines upon the depletion of the inducer from the media. Therefore, the N. crassa nitrate transport system, like the nitrate assimilation enzymes (5), can be characterized as an inducible rather than a derepressible system. Nitrite, ammonia, and amino acids, intermediates and end products of the nitrate assimilation pathway, prevent nitrate uptake in Neurospora. Casamino Acids prevent nitrate uptake by repressing the induction of the nitrate transport system (Fig. 6 ). In contrast, Subramanian et al. (24) reported that amino acids had no influence on nitrate accumulation. However, these workers tested only alanine and glutamine for their effects on nitrate uptake. In the present investigation the only amino acids that did not prevent nitrate accumulation were methionine, glutamine, and alanine (Table 3) . Nitrite, an inducer of the Neurospora nitrate transport system, also prevents the process of nitrate uptake, as previously shown in Spirodela (4) and tobacco cells (10) . The mechanism of nitrite inhibition of nitrate uptake was determined to be non-competitive (Fig. 7) .
When N. crassa is supplied with both nitrate and ammonia, nitrate uptake is prevented (Fig.   8 ). This inhibition could be due to one of several possibilities: (i) ammonia may repress the formation of the transport system; (ii) ammonia may inhibit the activity of this nitrate uptake system; or (iii) since ammonia is known to repress the nitrate reductase (5, 21) , such repression would indirectly inhibit nitrate reduction and ultimately prevent nitrate uptake. The possibility of repression of the nitrate transport system by ammonia is eliminated since ammonium nitrate-grown mycelia contain the nitrate transport system and its pattern of induction in ammonium-nitrate medium parallels that seen in media containing nitrate alone (Fig. 4) . Experiments reported here show that ammonia inhibits the nitrate uptake system in a non-competitive manner (Fig. 5) . It is unlikely that ammonia controls nitrate uptake by repressing the nitrate reductase since, in mycelia containing high levels of nitrate reductase, ammonium ion prevents nitrate transport within 5 min (Fig. 5 ). No changes in the level of nitrate reductase activity were observed in this time interval (data not shown). In contrast to these results, Subramanian and co-workers observed that ammonium ions did not prevent nitrate accumulation in N. crassa (24, 26) . Clearly these results contradict their findings and support the contention that ammonia affects the nitrate transport system principally through a non-competitive inhibitory manner.
The utilization of nitrate by organisms must be considered as two processes: transport and reduction. Attempts were made to separate these two processes and to investigate the nitrate transport system in the absence of a functional nitrate reductase. Tungstate and vanadate are known to prevent the formation of an active nitrate reductase by substituting for the necessary molybdenum moiety of this enzyme (A. Nason, personal communication). The enzyme formed in the presence of these molybdenum analogues does retain the inducible NADPH-cytochrome c reductase activity. In the presence of these metals, the nitrate transport system exhibits the same characteristics as the nitrate uptake system in the presence of molybdenum (and the consequent functional nitrate reductase) with regard to its inducibility by nitrate, inhibition by ammonia or nitrite, sensitivity to cycloheximide, and repression by Casamino Acids (Fig. 8 and 9 ). In addition, high levels of internal nitrate (48 ,mol/g) may inhibit nitrate transport. This inhibition may not be physiologically significant since the high levels of intracellular nitrate were artifically obtained. (Tables 5 and 6 ). Inhibitors of protein and RNA synthesis exert differential effects on the activities of the nitrate reductase and the nitrate transport system (Table 4) . Puromycin and cycloheximide totally prevent synthesis of the nitrate reductase while inhibiting nitrate accumulation by 84 and 92%, respectively. 6-Methyl purine inhibits nitrate accumulation slightly more than the synthesis of the nitrate reductase. Furthermore, ammonia represses the nitrate reductase (5), but not the nitrate transport system (Fig. 4) . Therefore, the nitrate transport system may be considered as a distinct part of the nitrate assimilatory pathway.
Thus, the nitrate transport system, like the nitrate assimilation enzymes in N. crassa, is subject to regulation by the substrates and end products of the assimilatory nitrate pathway.
Nitrate and nitrite are inducers of the nitrate transport system and the enzymes of the nitrate assimilation pathway, whereas Casamino Acids exert a repressive influence on these functions.
Ammonium ion regulates the pathway by at least two mechanisms: non-competitive inhibition of the nitrate transport system and repression of the nitrate assimilation enzymes. Ammonium ion also exercises a third regulatory mechanism. The nitrate reductase activity in Neurospora is lost rapidly when mycelia are transferred to ammonia media. This rapid decline caused by ammonium ion is prevented by inhibitors of protein synthesis (26; R. H. Garrett, unpublished observations), suggesting that ammonium is involved in an active mechanism regulating the decline of nitrate reductase activity. Nitrite, an inducer of all three components of the pathway (nitrate transport system, nitrate reductase, and nitrite reductase), noncompetitively inhibits the nitrate transport system. This mode of inhibition is perhaps significant since competitive inhibition by nitrite of nitrate uptake could conceivably result in nitrite accumulation if nitrite were also transported by this system. The accumulation would result from nitrite taken up plus the reduction of nitrate accumulated. This situation could possibly lead to nitrite toxicity. Non-competitive inhibition avoids this dilemma.
